The effect of ethylenediaminetetraacetate (EDTA) on the envelope of two strains of Escherichia coli (B and Cla) was studied with freeze-fracturing methods. Untreated cells showed the outer membrane's outer surface with a fine texture of randomly spaced depressions of about 4.5-nm diameter; small areas with symmetrical arrangements of structural surface elements were also observed. The outer membrane's fracture plane revealed a random distribution of particles on its "concave" plane, only occasionally interrupted by particle-free areas. The "convex" aspect of the outer membrane's fracture plane showed only a few scattered particles. The cleavage plane of the inner membrane was often interrupted by many localized elevated plateaus, at which the cleaving process had, for short distances, switched to the outer membrane. The effects of EDTA treatment were mainly seen in the structure of the freeze-etched outer membrane: (i) the pits as well as the symmetrical surface elements of the outer membrane's outer surface had disappeared; (ii) a number of plateaus (about 20 to 50/cell) were seen at which a cleavage plane within the inner membrane had switched to the hydrophobic portion of the outer membrane (outer membrane's fracture plane). These plateaus were also visible in untreated cells; however, EDTA treatment apparently caused an increased exposure of plateaus. Surface areas, exposed by freeze-etching, revealed the underlying plateaus as elevations in the surface contour of the cell, suggesting a slower etching rate in the zones of the plateaus relative to the rest of the outer membrane. Well-defined, particlefree patches in the outer membrane's fracture plane, concave, were more frequent and larger in size after EDTA treatment than in the controls. In the presence of glycerol, the cells often cleaved in the outer membrane's fracture plane, but isolated plateaus were rarely observed. After metabolic poisoning of cells for 15 to 25 min at 37°C, the plateaus had widened. These data suggest that the material of the plateaus has a slow rate of lateral diffusion. Placement of EDTA-treated cells in fresh medium at 37°C caused, after 3 to 5 min, the reoccurrence of the pitted surface structure. We propose that the plateaus represent localized zones, at which newly synthesized lipopolysaccharide has been inserted.
Coliform bacteria, exposed to ethylenediaminetetraacetic acid (EDTA), may lose between a third and a half of their lipopolysaccharide (LPS) and also some smaller amounts of protein and phospholipids (23) ; such cells become permeable to a variety of metabolites and develop sensitivity to drugs that are normally excluded (21) (22) (23) (24) 31) . These changes appear to be selective for the outer membrane, whereas many other metabolic functions remain intact (23) . The outer membrane, which contains 15 to 40% (by weight) LPS, loses 5 to 20% of its mass after EDTA treatment; however, electron micrographs of conventional thin sections of EDTA-treated bacteria have failed to reveal visible changes in the normal bilayer structure of the outer membrane (8) . Since the LPS is the component affected most by EDTA, and since most of the mass of the LPS resides in the polysaccharide portion, which provides only low electron contrast in ultrathin sections, we looked for structural changes in the outer membrane with the freeze-etch technique. This method reveals large surface areas of the envelope and may disclose subtle differences in membrane composition (3-6, 17, 18-20, 34) . The method allows observation of number and distribution of intramembraneous particles and their response to various changes in membrane composition or environment, as has been described for Mg starvation (11, 14) , treatment by membrane-directed drugs (13) , or lipid phase transitions (4, 37) .
Our experiments indicate that EDTA treatment changes the outer membrane and uncovers localized structural domains maintained in a growing cell. These domains are apparently more resistant to EDTA treatment than the rest of the outer membrane. In metabolically inhibited cells, the domains appear to mix slowly with the neighboring EDTA-sensitive areas.
MATERIALS AND METHODS
Bacterial strains, growth conditions, and EDTA treatment. Escherichia coli strains B and Cla were grown on nutrient medium (0.5% yeast extract, 1% tryptone, 0.5% NaCl, and 0.1% glucose adjusted to pH 7 with 1 N NaOH) with aeration at 37°C, and were harvested in midexponential growth phase; in another group of experiments, the cells were metabolically poisoned by the addition of deoxyglucose (DOG) (10-5 M) and potassium cyanide (KCN) (10-3 M) (both Fischer) and maintained for different lengths of time at 370C before they were subjected to treatment with EDTA. For this, to the cells was added CaCl2 for 5 min to make a final concentration of 50 mM. The cells were then sedimented at 4°C for either 5 or 10 min at 6,000 x g and, unless otherwise indicated, suspended in one-tenth the original volume of tris(hydroxymethyl)aminomethane (Tris)-hydrochloride, 0.12 M, pH 8.0. The temperature was brought to 37°C, EDTA (15 mM final concentration) was added, and the cells were incubated for between 3 and 5 min. CaCl2, 40 mM, was added to stop the reaction, and the cells were again sedimented. Cells were also processed either without adding EDTA, or without the addition of CaCl2. In other experiments, the EDTA-treated cells were suspended in fresh nutrient medium and incubated at either 4 or 370C for various lengths of time.
Assay for release of LPS. EDTA-treated cells from a 200-ml shaking culture and control cells not exposed to EDTA were collected by centrifugation, and the LPS was extracted and purified by the aqueous butanol method (26) . The amount of purified LPS was estimated by the phenol-sulfuric acid assay (9) or, occasionally, by estimation of 2-keto-3-deoxyoctulonic acid by the thiobarbituric acid assay (7) .
Electron microscopic methods. For freeze-etching, the cells were quickly cooled by dilution in medium of 40C and centrifuged at 6,000 x g for 10 min at 40C. Additional washings in either cold nutrient medium or in Tris did not seem to affect the fine structure; in most cases, the cells were therefore used without further washing. Glycerol was added to a number of preparations to a final concentration of 15%, and these cells were centrifuged subsequently at 6,000 x g for 15 min at 40C. Small portions of the sediments were quickly transferred to gold support grids and frozen in Freon 12 at the temperature of liquid nitrogen. Freeze-etching was carried out in the Balzer BA 360 M unit, with etching times of 1 to 3 min at -100°C and platinumcarbon shadowing. A modified method was often used for increasing the areas of fractured membrane (see below). The method involves an advanced knife setting of several micrometers before the last (deep) hit with relatively high speed. The replicas were cleaned in 70% sulfuric acid, followed by sodium hypochlorite (4 to 6% solution), and mounted on 400-mesh copper grids. Micrographs were taken at magnifications of 4 x 104 in a Siemens Elmiskop 101 electron microscope on Ilford Contrasty Lantern plates.
Stereo tilt angles were kept within + 5°. The final prints were made from contact copies of the negatives, so that the platinum source of the vacuum evaporator appears as source of illumination and the metal shadows appear dark. Diffractograms were taken on 35-mm film (Kodak plus X) from positive transparencies of the electron micrographs, with a helium-neon continuous-gas laser as light source.
RESULTS
Release of LPS. E. coli B and Cla were chosen because they lack surface structures such as type I pili under the growth conditions of our experiments; also, capsular antigens are absent; thus, the cell surfaces are not obstructed by these structures. The cells of both strains released 20 to 30% of their LPS when submitted to the previously described method (21, 22) of EDTA treatment; even much higher EDTA concentrations did not increase the yield of LPS, nor did it result in significant ultrastructural changes in the freeze-etched replicas. However, such refractory strains release increased amounts of LPS, if incubated with Ca2+ or Mg2+ at relatively high concentrations prior to EDTA treatment (23); after preincubation of the cells in 50 mM CaCl2, subsequent exposure to EDTA released 50 to 55% of the LPS from both cell strains, whereas much less protein and lipids (both below 10%) were extracted (24) . Since the cells were not washed after exposure to CaCl2, the EDTA concentration was kept high to chelate the Ca2+ remaining in the cell sediments.
Appearance of the cell surface after freezeetching. For easy identification, we have included a diagram (see Fig. 12 The pits were closely arranged in an apparently nonsymmetrical, random fashion. To determine whether there might be any regularity in their packing arrangement, the pitted area shown in the center of Fig. 1 was used for light diffraction; the method would reveal the presence of repeat structures, or "crystallinity," by production of symmetrical high-intensity spots in a characteristic intensity and distance from the undiffracted portion of the beam. The diffractogram is shown in the insert of Fig. 1 . The diffraction lines are shaped like open rings, suggesting a random, rather than an ordered, arrangement of the pits. That only two portions of a circle are seen instead of a fully closed ring is due to the one-directional platinum shadowing, in which only those portions of the pits provide electron contrast that are oriented normally to the direction of the metal vapor; the other portions of the more or less circular pits (and their rims) do not contribute to the diffractogram. The randomly oriented pits measured about 4.5 nm in diameter with a (center-tocenter) distance of 9 to 10 nm.
We found the surface pattern more pronounced in E. coli B than in strain Cla. Treatment with CaCl2, with or without subsequent exposure to Tris-hydrochloride, had no structural effect. Prolonged etching times (up to 6 min at -100°C) as well as brief washing of the cells in synthetic medium (TPG3A) (32) or Fmedium (1) increased the depth of the pits. At relatively limited areas we observed, in addition, a regular surface pattern ( Fig. 2) produced by the symmetrical distribution of well-separated, knoblike protrusions or stubs, measuring 5 to 6 nm in diameter with a center-tocenter distance of 7 to 8 nm. The symmetry of their arrangement is also depicted by the diffractogram (insert, Fig. 2 ), for which the central third of the area shown in Fig. 2 was used as a diffracting object. One observes two pairs of spots in a distance corresponding to 7 and 8 nm on the cell surface. Another pair of spots, which one might expect if a sixfold arrangement of the protruding elements existed, might possibly become "shaded" due to the one-directional shadow-casting method employed. In the zones at which areas of symmetrical and random arrangement were joining, the transition from one pattern to the other was smooth, with no apparent structural disturbances or mismatches. We assume that in the noncrystalline zones, the protruding elements are interconnected with their neighboring protrusions, thus forming the rims of the pits, so that the same surface elements may be arranged in the two different ways. It appears that the regular arrays cover only smaller portions of the cells of our preparations; however, in some preparations, the regular areas are found frequently enough to assume their presence in possibly more than 50% of the cell population. The conditions by which the regular arrangements may be produced have not been established. Cooling of the cells at various rates did not affect the relative amount of the random and nonrandom surface pattern. None of these surface arrangements can be obserVed in glyceroltreated cells under conditions of our experiments (Table 1) , since their OMO will not be exposed.
Fracture planes of the envelope. A rather narrow fracture was frequently seen in the OM, representing a short exposure of the intramembraneous OMF of the OM. This typical fracture of the E. coli OM (6, 27, 28, 39) has been assigned to the hydrophobic region within the OM (17, 20) (white arrows on Fig. 1 ). In glyceroltreated cells, this OMF is exposed to a much larger extent. We were able also to enhance the areas of this OMF without the use of glycerol by applying the fracturing knife at an experimentally established speed and increasing the knife-advance setting. In the subsequent text, this method shall be called "deep fracturing." IMF. Each of the fractures produces two surfaces, one "convex" and one "concave." White arrows point to narrow fracture areas in OMF; P, particles within fracture plane ofIMF; PFP, particle-free patches; X, with arrow, indicates particles that appear on surface ofcells (OMF) after EDTA treatment (see text); PL, plateaus protruding from IMF into OMF (see also diagram, Fig. 12 ). The black arrow indicates the direction of metal evaporation. The bar repesents 0.1 Am.
With both methods, the convex as well as the concave aspects of the fracture OMF were exposed equally well (see subsequent micrographs and Table 1 ).
The convex face of the OMF exhibited spherical as well as filamentous particles, about 10-nm diameter, ofrelatively low density per area, whereas the concave fracture face showed a dense but not complete cover of particles of 5-to 7-nm diameter attached to a much finer granular matrix (see Fig. 10b ). It areas (see Fig. 5 ). However, since the exact location of the peptidoglycan layer has not been established, the plane OMI might expose one face of the peptidoglycan layer. Occasionally a few particles measuring 15 to 20 nm in diameter seemed to be associated with this layer.
The fracture through the protoplasmic membrane, or IMF, showed its convex face studded with particles of about 8-nm diameter (Fig. 1, 3 , 6-8), whereas the concave face exhibited only relatively few scattered particles (Fig. 4, 5, 9 , 10a, 11). This typical distribution of the intramembraneous particles made it possible for us to use this membrane as a marker, for example, after considerable structural changes were introduced in the cell envelope by treatment with EDTA. In glycerol-free preparations of the control cells, we found rather frequently with our cleaving technique small island-like areas at which the IMF had switched to the OM; this generated the aspect of raised plateaus or islands, which were protruding from the level of the IMF (convex) into the OM (Fig. 3) . This feature becomes very frequent in EDTAtreated cells and was only on rare occasions demonstrable in glycerol-treated and in sucrose-treated cells (6) .
At the expected location of the IMI, protoplasmic surface, larger patches with a smooth surface were often observed as they protruded slightly from the concave IMF into the protoplasmic region (Fig. 4) . We have tentatively assigned the surface of these areas to the IMI. Their relative arrangement can best be visualized in the stereo micrographs ( Fig. 4 ; see also diagram Fig. 12 ).
In addition, the diagram in Fig. 12 than in the untreated control cells. In addition, the particle-free smooth areas were dispersed in this layer (Fig. 10c, black hollow arrows) . Compared with the concave fracture face of untreated controls, these particle-free areas appeared to be larger in size and more abundant. Sometimes, however, the treated cells showed an even distribution of particles in this fracture plane (cf. Fig. 10b with c) . At the "break-in" areas, the particles of the OMF concave seem mostly to be missing (Fig. 10a) . The convex face of this fracture plane did not reveal significant differences between untreated and treated cells.
The fracture faces of the IM showed, at their convex face, the typical intramembraneous particles of 6-to 8-nm diameter in apparently random distribution; we have found no unambiguous sign of a gross redistribution of intramembraneous particles after EDTA treatment. The concave fracture face, with its rather sparse particles, showed occasional zones at which the fracture broke into an underlying plane, most likely representing the concave face of the OMF (Fig. 10a) . As mentioned above, the most conspicuous structures originating from the convex fracture plane of the IM were the plateaus reaching into the OM. EDTA treatment enhanced their visibility in the OMF and seemed to increase their frequency compared with the plateaus found in our deep-fracture preparations of untreated controls: after EDTA treatment, plateaus were visible in about 80% of the fractured cells and only in about 20% of the fractured control cells. As in untreated cells, the plateaus in the treated cells probably reach the height, above the IM, of the OMF. This phenomenon is most clearly seen in freeze-etchings such as Fig. 8 , which reveals (at the upper fracture line of the envelope) a step between the OMO and the plateau level in an EDTA-treated cell. A similar height is shown by plateaus in untreated cells (Fig. 3) .
As stated above, the morphological changes were largely reduced or absent if the cells were not exposed to CaCl2 prior to EDTA treatment. On the other hand, the changes caused by EDTA were not reversed by subsequent addition of CaCl2.
When EDTA-treated cells were diluted into fresh medium and grown for 3 min or more at 370C, the pitted pattern started to reappear and the cells looked-identical to untreated cells (Fig. 13) ; exposure to fresh medium at 40C did not reveal such a change. With the reappearance of the pitted surface, the visibility of the plateaus buckling the OMO vanished. However, in a few cells, they were still visible 8 min after exposure to fresh medium at 370C.
Spreading of the material composing plateaus. We asked the question whether the plateaus were structures possibly maintained by growth of a cell, or whether they were transient, consisting of material that would eventually mix with those areas which appeared to be more affected by EDTA? To answer this question, the synthesis of cell envelope components was inhibited by addition of KCN-DOG, while the cells were maintained for a given time at 3700; subsequently, they were rapidly cooled and then either treated with EDTA or left untreated. We found that periods of metabolic poisoning at 37°0 for 1 or 5 min caused no significant change in the structural aspect of the control cells (Fig. 3) nor an obvious change in the response to EDTA (Fig. 8) . Incubation with metabolic poison for 15 to 25 min at 3700 revealed an increased frequency of extended fractures within the OMF of the control cells (Fig. 6) , sometimes fracturing entirely along this plane (Fig. 7) . When such cells were EDTA-treated, fewer but larger circular plateaus (Figs. 14a, b) were observed. We interpret this widening oftheIplateaus as caused by diffu- (ii) Lower cell shows a narrow fracture step in OMF; in a further step. the envelope has fractured into the inner membrane, IMF; this plane is studded with numerous intramembraneous particles.
Symbols: See legend Fig. 1. sion of their components, which eventually results in formation of an uninterrupted fracture plane of the OMF.
If cells were first cooled to 200 for either 5 or 10 min, and subsequently allowed to grow for 5 min at either room temperature or at 3700, their OMF was indistinguishable from that of untreated cells. Thus, shorter exposure to low temperatures did not alter the envelope's cleavage pattern.
DISCUSSION
A fine structure of pits or dimples of the OM has been described for a number of bacteria, such as Neisseria gonorrhoeae (37); these cells show, in addition, numerous holes of 8.0-nm diameter in their OM. Pits of similar dimensions have been reported for Klebsiella pneumoniae (35) and in Salmonella typhimurium (34) . In the latter report, the pittedness was seen only in rough LPS mutants, whereas this feature seemed to be lacking in smooth strains. Pits of similar dimensions were also described for Thiobacillus species (19) and Acinetobacter (33) .
Our results indicate that EDTA treatment changes the OM of E. coli in such a way that freeze-etching depicts areas of relatively high EDTA resistance; in untreated cells, these "prospective" plateau areas are probably repre-sented by plateaus seen only after freeze cleavage of the envelope. In addition, the EDTAtreated cell loses its characteristic surface pattern of pits. Concomitant with these structural changes, LPS is released, and the envelope permeability is increased by this treatment. Divalent cations, added in the presence or absence of the released material, do not reverse the changes, whereas within a few minutes of exposure to normal medium permitting growth, the surface structure returns to its normal pitted appearance. The pits reappear in about 15 to 20% of a doubling time, followed shortly by the disappearance of the areas showing a thinned OM. The return of the permeability changes to their "normal" values seems to require about half a generation time (16, 21) . However, it should be pointed out that a quantitation of these events with microscopic methods such as freeze-etching is difficult: the pittedness will be visible only with optimal shadowing angle and the proper amount of metal evaporated. Furthermore, on a somewhat wavy surface, only a fraction of the visible (perhaps 20 to 50%) etched surface will reveal the fine structure. Therefore, the rate of"recovery" between the morphological and the physiological events may not be too different.
It has previously been demonstrated that EDTA releases half of the OM LPS and little else (possibly 10% of the OM protein and lipid) (24) . It is thus reasonable to assume that the observed surface pittedness is linked to the presence of LPS; its loss may be solely due to removal of LPS molecules (28) , but it is more likely caused by the disturbance of the entire macromolecular arrangement of the membrane, in which other membrane components (such as proteins) are also involved as linking elements in complexes with LPS (40) . EDTA treatment without preincubation with Ca2+ results in lowered LPS release accompanied by little or no change in surface structure of these cell strains. The apparent thinning of the OM may reflect the partial loss of LPS affecting the density distribution of the hydrophilic carbohy- drate portions, as well as that of the lipid A portion which intercalates the LPS into the lipid bilayer (12, 24) . The plateaus are apparently present in the untreated cell, but are not bulging the OM surface. We hypothesize that the increased "porosity" of the treated membrane makes it more susceptible to freeze-etching, due to a relatively increased access of its water to sublimation. The thicker plateaus may thus reflect areas with relatively unchanged or unextracted LPS. Since newly synthesized LPS appears to be nonreleasable in EDTA (25; see also 28), we propose that the plateaus might represent domains of newly synthesized LPS. Their number per cell (between 20 and 40) agrees with the number of LPS insertion sites in Salmonella anatum after conversion by phage E15 (3) .
The data suggest that after freeze cleavage the surface of a plateau represents the cleavage plane within the hydrophobic portion ofthe OM (OMF), as shown in Fig. 6 . Normal E. coli apparently fracture rarely within this plane, whereas EDTA-treated cells do so more frequently. Interestingly, someE. coli mutants, in which the protein content of the OM is reduced and the lipid increased, show increased fracturing within this plane (5) as do analogous mutant strains of Salmonella (20, 34 (3), and by the finding that the mobility of spin-labeled probes in isolated OMs is also very restricted (S. Rottem and L. Leive, J. Biol. Chem., in press). The latter experiments revealed that the reduced mobility is correlated to qualitative differences in the LPS.
The large "holes" sometimes observed in the concave IMF after EDTA treatment occupy an area and depth that corresponds to that of the plateaus protruding from the convex IMF (Fig.  4) It seems important to mention here that the conditions of temperature shift, including those necessary for rapid handling of the specimen before freezing, were kept the same within each group of experiments; this becomes important in the light of the observation of Tsien and Higgins (38) that the distribution of plasma membrane particles of Streptococcus fecalis depends on the temperature pretreatment of the cells prior to freezing. Furthermore, the compositional changes of the membrane due to a redistribution of intramembraneous proteins after cooling (4, 18) make a standardized procedure obligatory. Regular alignments of the particles in the IM cleavage plane (IMF), similar to those reported for E. coli after extensive Mg2+ starvation (11), were not observed.
The morphological effect of EDTA on Pseudomonas aeruginosa has been described by Gilleland et al. (14) . Obviously, EDTA has a more pleiotrophic effect on this organism than on E. coli. The reason for this might be that, in Pseudomonas, EDTA causes not only LPS release and permeability changes, but also affects the osmotic stability of the cells and leads to cell death (2, 10, 16, 29) . In contrast, E. coli B survives quantitatively the EDTA treatment within the time periods of our experiments. Gilleland et al. (15) reported for Pseudomonas a change in the concave OMF after EDTA treatment and ascribed the effect to a release of a membrane LPS-protein complex (30) , indicating that this layer represented a Tris-EDTA-sensitive site in the cell wall of P. aeruginosa. In agreement with this, we have found an increase in numbers and a widening of particle-free areas in the concave OMF of EDTA-treated cells. It is interesting that Pseudomonas, after growth in Mg2+-deficient medium, assumed a relative resistancy to subsequent EDTA treatment (14) .
Morphologically, the EDTA-resistant cells were reported to show an uninterrupted layer of particles in the concave OMF. This result strengthens the suggestion of Gilleland et al. that EDTA sensitivity is reflected in the extractability of portions of this particulate layer (14) . Stinnet and Eagon showed that the structural defect can be repaired after incubation of Pseudomonas osmoplasts into fresh medium (36) . It is interesting that such incorporation occurs, although the EDTA treatment rendered the cells nonviable. The extent of changes we observed in the corresponding fracture plane of E. coli B is much less than that described for P. aeruginosa. Whether this fact can be correlated with the observed EDTA stability of the E. coli strains remains to be studied. The 
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on October 27, 2017 by guest http://jb.asm.org/ the IM of E. coli (11) , the depletion of Mg2+ by EDTA has relatively ill-defined effects on the IM of both species.
In conclusion, we report here that EDTA causes drastic physical changes in the outer membrane of E. coli, which are expressed in unusual freeze-etching and freeze-fracture patterns. EDTA treatment seems to enhance subtle localized differences of membrane areas within the OM. The plateaus, with their relative resistance to EDTA, might be related to LPS insertion sites. The morphological effects of EDTA treatment are concomitant with a release of 50% of the envelope LPS. Although the restoration of the original content of LPS probably requires a time span considerably longer than a few minutes, the structural "defects" can be restored rather quickly by exposure to conditions permitting growth in the absence of the chelator. When growth is halted, the material comprising the local plateaus seems to spread relatively slowly by lateral diffusion into the neighboring material of the OM.
